ABSTRACT: Fast-scan cyclic voltammetry (FCV) is an established method to monitor increases in extracellular dopamine (DA) concentration ([DA] o ) in the striatum, which is densely innervated by DA axons. Ex vivo brain slice preparations provide an opportunity to identify endogenous modulators of DA release. For these experiments, local electrical stimulation is often used to elicit release of DA, as well as other transmitters, in the striatal microcircuitry; changes in evoked increases in [DA] o after application of a pharmacological agent (e.g., a receptor antagonist) indicate a regulatory role for the transmitter system interrogated. Optogenetic methods that allow specific stimulation of DA axons provide a complementary, bottom-up approach for elucidating factors that regulate DA release. To this end, we have characterized DA release evoked by local electrical and optical stimulation in striatal slices from mice that genetically express a variant of channelrhodopsin-2 (ChR2). Evoked increases in [DA] o in the dorsal and ventral striatum (dStr and vStr) were examined in a cross of a Cre-dependent ChR2 line ("Ai32" mice) with a DAT::Cre mouse line. In dStr, repeated optical pulse-train stimulation at the same recording site resulted in rundown of evoked [DA] o using heterozygous mice, which contrasted with the stability seen with electrical stimulation. Similar rundown was seen in the presence of a nicotinic acetylcholine receptor (nAChR) antagonist, implicating the absence of concurrent nAChR activation in DA release instability in slices. Rundown with optical stimulation in dStr could be circumvented by recording from a population of sites, each stimulated only once. Same-site rundown was less pronounced with single-pulse stimulation, and a stable baseline could be attained. In vStr, stable optically evoked increases in [DA] o at single sites could be achieved using heterozygous mice, although with relatively low peak [DA] o . Low release could be overcome by using mice with a second copy of the Ai32 allele, which doubled ChR2 expression. The characteristics reported here should help future practitioners decide which Ai32;DAT::Cre genotype and recording protocol is optimal for the striatal subregion to be examined.
■ INTRODUCTION
Fast-scan cyclic voltammetry (FCV) has been used to monitor spontaneous and evoked increases in extracellular concentrations of readily oxidizable substances, both in vivo 1 and ex vivo in brain slices. 2 Much of the work has focused on dopamine (DA) in the striatum, which has been facilitated by the robust and largely contaminant-free signal from dense innervation by DA axons. 3 The most common method used to evoke DA release in brain slices has been local electrical stimulation (eStim). Notably, local eStim activates the release of not only DA, but also other transmitters and modulators from the striatal microcircuitry. This has been used advantageously to identify local factors that modulate evoked increases in extracellular dopamine concentration ([DA] o ). 4 In such studies, modulation by an endogenously released transmitter is inferred by comparing responses evoked by relatively long pulse-trains consistently delivered to the same recording site, first in the absence and then in the presence of a selective receptor antagonist. Depending on the conditions, the modulation revealed might be either direct or indirect via polysynaptic interactions within a local circuit.
More recently, specific activation of DA axons using lightsensitive ion channels and optical stimulation (oStim) has become available to help elucidate local factors that regulate striatal DA release and determine whether observed regulation is direct or indirect. This is achieved through a simple deductive comparison of results obtained by classical eStim to those obtained by oStim, keeping in mind that although glutamate 5, 6 and GABA 7, 8 can be co-released from DA axons with oStim, other potential modulatory substances, like acetylcholine (ACh), are not. 9 Optogenetic studies have primarily used vector-based methods 10 for genetic access to the cell type of interest. For specific activation of DA release, there are many choices of optogenetic reagents for cell-specific targeting, but usually a Cre-dependent channelrhodopsin-2 (ChR2) encoding construct is delivered by injection of an adeno-associated virus (AAV) into midbrain DA cell body regions. 11 The primary target sites for AAV injection are the substantia nigra pars compacta (SNc) projecting to the dorsal striatum (dStr) and the ventral tegmental area (VTA) projecting to the ventral striatum (vStr, including nucleus accumbens shell and core). Viral injection must be done in mice (or rats 12 ) expressing Crerecombinase in specific cell types, in this case by using a promoter selective for DA neurons. In these systems, optimization and standardization of experimental procedures for oStim are time-consuming and lab-specific, but also very necessary because of the variability in virus titer and other parameters affecting ChR2 expression level after injection. The virus-based approaches, however, do have the advantage of high expression levels and the ability to target anatomically distinct subsets of a given cell type.
If anatomical dissociation is not necessary, an alternative to viral injection is to cross two transgenic/knock-in mouse lines; one for Cre expression and one for Cre-dependent ChR2 expression. This approach eliminates the need for surgeries and avoids potential side-effects of AAVs. 13 One Cre-dependent mouse line introduced for such crosses is called "Ai32" (developed at the Allen Institute 14 ); this line expresses the H134R variant of ChR2 from the otherwise ubiquitously and constitutively expressed ROSA26 locus after removal of an upstream loxP-flanked stop codon (LSL) in Cre-expressing cells. The crossing procedure theoretically should yield more homogeneous expression levels of ChR2 throughout the entire projection field than is possible with viral injection and thus greater reproducibility across laboratories using similar oStim protocols in various experimental contexts. Here, we characterize the suitability of using the progeny from a cross of Ai32 mice with a DA cell-specifying Cre-expressing line that is driven by the DA transporter (DAT) promoter (DAT::Cre mice) 15 for oStim of striatal DA axons in FCV studies.
■ RESULTS AND DISCUSSION
One aspect of the DAT::Cre-dependent mouse cross that demanded quantitation was their DAT function, as previous characterization of DAT::Cre mice showed a decrease in the expression level of DAT protein as an apparent side-effect of the genetic manipulation. 15 The extent of functional consequences on DAT activity was not examined, however. We therefore first assessed DA uptake characteristics in ex vivo striatal slices from the DAT::Cre heterozygous mice used in the cross. By analyzing the falling phase of the [DA] o release profile evoked by single-pulse eStim recorded at multiple sites in a given slice (multiple-site recording), we found a significant decrease in the maximum DA uptake velocity (V max ) in DAT::Cre+/− versus littermate control (DAT::Cre−/−) mice in both dStr and vStr core ( Figure 1A,B) . This was accompanied by a significant increase in peak eStim-evoked [DA] o reached in DAT::Cre+/− mice compared to control mice, within each region ( Figure 1A,C) . Given that evoked increases in [DA] o reflect the balance between release and uptake at a given site, higher [DA] o would be consistent with the predicted effect of decreased DA uptake.
We next set out to characterize ChR2 expression in the Ai32+/−;DAT::Cre+/− mouse cross (referred to hereafter as HET/HET) mice. These mice express a ChR2 fused to the yellow fluorescent protein (YFP). Visual inspection of coronal striatal slices using a fluorescent stereomicroscope showed clear YFP fluorescence with a decreasing dorsal to ventral gradient ( Figure 2A) . Quantitative Western blot analysis of ChR2 expression in tissue samples from dStr and vStr from HET/ HET mice confirmed a regional difference in protein levels, indicated by a significant main effect of region in a two-way ANOVA (F 1,20 = 14.09; p < 0.01; Figure 2C ). Moreover, these data revealed an age dependent increase in ChR2 expression in the dStr of 10−17 week old mice versus 18−25 week old mice ( Figure 2B ,C). Expression levels in samples from mice aged 3− 5 weeks were significantly lower than the 18−25 week group as well but did not differ from 10−17 week old mice. In contrast, ChR2 expression in the vStr showed no significant changes with age (one-way ANOVA: F 2,7 = 0.96, p = 0.43; Figure 2B ,C).
We next compared the characteristics of DA release with pulse-train eStim and oStim in evoked [DA] o as well as the stability of this measure in striatal slices from HET/HET mice. Relatively long trains of eStim pulses (e.g., 30 pulses at 10 Hz) have been used to reveal local circuit-mediated regulation of striatal DA release, because this allows sufficient time for initially released transmitters to act on DA release evoked by subsequent pulses in a train. 16, 17 We were therefore interested in establishing a similar pulse-train procedure for oStim. In preliminary studies, we determined that the minimal duration and light intensity for oStim that generated a robust but modulatable increase in [DA] o was 250 μs and 400 μW, which was used in most subsequent experiments, including all those using pulse-train stimulation. Increases in [DA] o evoked using these parameters was action potential dependent, as indicated by complete loss of a release response in the presence of tetrodotoxin (TTX; 0.1 μM), a voltage-gated Na + channel blocker (normalized to peak control response: 100% ± 21% for control vs −0.7% ± 1.2% in TTX; n = 4; t-test, p < 0.001).
Indeed, increases in [DA] o evoked by oStim pulses of 5 ms (longest duration tested) are also blocked by TTX. 6 We then examined the stability of evoked [DA] o in the dStr using repeated pulse-train stimulation in the same recording site (same-site recording) at 10 min intervals in slices from 8− 17 week old HET/HET mice ( Figure 3A ,B). Consistent with previous results in DAT::Cre mice after viral transfection, 18 pulse-train eStim produced a fast-rising increase in [DA] o that was stable with repeated stimulation in the dStr (3 consecutive stimulations with no significant difference in peak; Figure  3A ,C). Notably, pulse-train oStim produced release profiles in the dStr that were similarly shaped to those produced by eStim ( Figure 3A,B) . This preservation of shape suggests that the factors governing the response are intrinsic to DA axons, including DAT-dependent uptake, 19, 20 D2 DA receptordependent autoregulation, and axonal release probability. In contrast to the stability of eStim-evoked increases in [DA] o ( Figure 3A,C) 3B,D). Given that much longer stimulus pulses (1−5 ms) have been used for both eStim and oStim, 6, 7, 21 it is not likely that the small difference in oStim and eStim pulse duration used here contributed to this rundown. Because Western blot analysis revealed an age dependent increase in ChR2 expression in the dStr of older (18−42 week) HET/HET mice, we examined whether this might increase stability of evoked [DA] o in this age group. As with younger HET/HET mice, eStim-evoked [DA] o reached stability after the second stimulation ( Figure  3C ). With oStim, however, evoked [DA] o was still not stable by the fourth stimulation, although the rate of rundown was less than in slices from younger (8−17 week) mice ( Figure 3D , Sidak's test between ages; oStim 2 , p < 0.05; oStim 3 , p < 0.01). Indeed there was no difference in evoked [DA] o between the groups by the fourth stimulation (8−17 week oStim 4 vs 18−42 week oStim 4 , p = 0.38), with both showing a significant decline from oStim 1 (oStim 4 vs oStim 1 , p < 0.001).
A possible contributing factor to this limited stability might be impaired maintenance of the readily releasable pool 22 because of decreased DAT function ( Figure 1 ) and consequently decreased recycling of DA after release. 23 The stability of peak evoked [DA] o with eStim in HET/HET dStr ( Figure 3A ,C) argues that this is not the primary cause. However, to determine whether rundown with oStim might reflect insufficient time to replenish releasable DA pools during a 10 min stimulus interval, we applied an additional fifth stimulation 20 min after oStim 4 in a subset of experiments. We found that there was only a modest 10% recovery in [DA] o evoked by oStim after this longer interstimulus period, which was not statistically different from oStim 4 (7 sites, t-test, p > 0.05). Another possible cause of rundown with oStim could be tissue damage from the laser light used to activate ChR2. However, this is unlikely, given that oStim-evoked [DA] o is stable in the vStr (see below). Instead, these data suggest the alternative hypothesis that there may be a neurochemical depression of evoked DA release in dStr in the absence of other factors normally evoked by eStim, particularly ACh, as discussed further below.
The lack of stability of pulse-train oStim-evoked [DA] o within a reasonable time frame or age range precludes use of same-site controls for pharmacological studies of DA release regulation in the dStr. To avoid the confounding influence of rundown with repeated oStim in dStr, we tested the alternative strategy of examining evoked [DA] o from multiple recording sites within a discrete subregion of the striatum. This multiplesite recording minimizes any variance due to heterogeneity in release sites. 24, 25 We used this strategy in our studies of DA uptake ( Figure 1 ) and in earlier studies that compared singlepulse eStim-evoked [DA] o between slices from control and mutant mice 24 or before and after drug application in rat striatal slices. 25 We compared peak evoked [DA] o between same-site and multiple-site recording for eStim and oStim in HET/HET dStr ( Figure 4 ). Average peak [DA] o evoked by same-site pulse-train eStim (3−4 stimulations at 7 sites; Figure 4A ,D) did not differ significantly from the average multiple-site recordings (n = 14 sites; two-way ANOVA followed by Tukey's multiple comparison test, p = 0.19), which reflects the relative stability of eStim-evoked peak [DA] o at a given site. In contrast, average peak [DA] o evoked by same-site pulse-train oStim (last 3 stimulations in 13 sites) was significantly lower than the average from multiple-site recording (n = 23 sites; p < 0.001; Figure  4B ,D) reflecting the marked rundown with same-site oStim. Thus, multiple-site recording provides a useful alternative to the same-site design when a reliable baseline value prior to pharmacological manipulation is necessary in the dStr of HET/HET mice. Notably, the peak evoked increases in [DA] o were significantly lower with oStim than with eStim (p < 0.05; Figure 4D ) with the multiple-site recording protocol and were in fact lower throughout oStim versus eStim trains (two-way repeated-measures ANOVA, stimulus type × time interaction: F 29,1044 = 8.49, p < 0.001; Figure 4C) .
A common factor in the lower stability and decreased peak amplitude of pulse-train oStim-versus eStim-evoked [DA] o is the absence of concurrently released local transmitters with selective oStim of DA axons. The most obvious candidate is ACh, which is well-known to facilitate DA release. 9, 26 Indeed, low-frequency eStim-evoked [DA] o is markedly decreased in the presence of nicotinic ACh receptor (nAChR) antagonists 4 or after genetic deletion of ACh synthesis. 27 We examined the influence of the absence of concurrently released ACh with oStim of DA axons using mecamylamine, a nAChR antagonist 4,27 ( Figure 5 ). We first examined the influence of nAChR antagonism on peak [DA] o evoked by eStim or oStim in the dStr of HET/HET mice using multiple-site recording. Consistent with previous reports, 7,9 averaged peak eStimevoked [DA] o showed a significant decrease (p < 0.001) in mecamylamine (10 μM), whereas oStim-evoked release was unaltered (p = 0.88; Figure 5A various conditions. The multiple-site recording protocol allowed consistent and reliable control data to be obtained with oStim, whereas same-site recording did not. Significantly higher release was also seen with eStim than oStim (see text). Data are means ± SEM, and comparisons were made using a two-way ANOVA followed by Tukey's post hoc tests (*p < 0.05; ***p < 0.001).
the lack of ACh facilitation of DA release via nAChRs 9,26 with oStim pulses. In contrast to these results, Melchior et al. 7 reported higher oStim-versus eStim-evoked DA release in the vStr core after viral transfection. In addition to possible regional differences between that study and the present one, another contributing factor might be the 20 Hz train stimulation frequency used by Melchior and colleagues, given that DA release evoked by higher frequency pulse-trains is amplified in the absence of concurrent ACh release with oStim. 9 Their observation that single-pulse oStim evoked lower [DA] o than eStim in the core argues against, but does not exclude, the alternative explanation of higher ChR2 levels with viral transfection than in our mouse cross.
Antagonism of nAChRs by mecamylamine also impaired the stability of same-site eStim-evoked DA release in the dStr of 8− 17 week HET/HET mice. After stable pulse-train eStim-evoked Figure 5C ). This suggests that rundown with oStim is due primarily to lack of ACh facilitation of DA release when DA axons are stimulated in isolation. The similarity of the rundown patterns for eStim in mecamylamine and oStim alone also argues against a role for tonic ACh release that might boost DA releasability. Indeed, the pattern of rundown seen in [DA] o evoked with eStim was also similar to that evoked with oStim when nAChRs were blocked ( Figure 5C ).
Given that pulse-train stimulation could cause greater depletion of DA in the absence of concurrently released ACh, thereby enhancing rundown, we hypothesized that stable peak evoked [DA] o might be achieved with single-pulse instead of pulse-train oStim. A previous set of studies in a similar mouse cross assessed optimal single-pulse stimulation parameters for oStim in the vStr, 28 but other factors like release stability and TTX sensitivity were not reported. In other recent studies, Foster and colleagues 21 achieved stable single-pulse oStimevoked release in Ai32+/−;DAT::Cre+/− mice when oStim was alternated with single pulse eStim. Here we examined single-pulse oStim and eStim in separate experiments in dStr from HET/HET mice. Initial (Stim 1) single-pulse evoked increases in [DA] o evoked by oStim were lower than those evoked by eStim (1.08 ± 0.11 μM for oStim, n = 16 sites from 8 mice, vs 1.72 ± 0.38 μM for eStim, n = 6 sites from 6 mice), which was also noted in previous optogenetic studies in virally transfected mice. 7 For oStim, 0.25 and 2 ms pulse durations were tested; the pattern of evoked [DA] o with consecutive stimulations was similar for both (66% ± 4% of Stim 1 by the fourth stimulation for 0.25 ms and 68% ± 3% of Stim 1 for 2 ms), so the data were pooled ( Figure 6 ). We found that although peak [DA] o in dStr evoked at 5 min intervals by single-pulse oStim showed greater rundown during the first four simulations than the minimal change seen with singlepulse eStim (Stim 2 , p < 0.05 between stimulus types; Stim 3 and Stim 4 , p < 0.001; Figure 6A ,B,D), this was less profound than the rundown seen with pulse-train oStim (compare with Figure  3 ; unpaired t-test on 30P vs 1P oStim 4 , **p < 0.01). Indeed, in five experiments in which the recording period was extended, four stable consecutive same-site single-pulse evoked [DA] o release events could be achieved ( Figure 6D ,E), with oStim 1′ typically occurring within 30 min and oStim 4′ within 45 min of oStim 1 (i.e., a maximum of 10 same-site stimulations). Testing ended once stability was reached with average peak [DA] o evoked for oStim 4′ that was 62% ± 7% of initial oStim 1 (n = 5; Figure 6E ).
Like eStim in dStr, pulse-train eStim in the nucleus accumbens shell in the vStr of HET/HET mice evoked stable increases in [DA] o that typically remained elevated throughout the pulse train ( Figure 7A ). The shape of pulse-train eStimevoked [DA] o in vStr differed markedly from that in dStr, which shows an early peak in [DA] o then a return toward baseline (e.g., Figure 3A ). The differences in release profile shapes from dStr and vStr are typical of those seen in wild-type rodents and have been suggested to reflect different patterns of modulation that regulate release throughout the pulse-train. 29, 30 In contrast to eStim, pulse-train oStim failed to evoke DA release in almost all recording sites in the medial shell of the vStr in age-matched HET/HET mice. In the one recording site in which oStim-evoked [DA] o was detected, in common with pulse-train oStim in the dStr, peak [DA] o was also unstable in this vStr recording site. In contrast, reliable evoked increases in [DA] o could be evoked using pulse-train oStim in the ventral part of the shell, although the shape of the concentration−time responses appeared to differ somewhat from those evoked using pulse-train eStim ( Figure 7A,B) . Moreover, unlike in the medial shell or dStr, oStim-evoked increases in [DA] o in the ventral shell were remarkably stable ( Figure 7B,D) .
Given the difficulty in obtaining reliable oStim-evoked release in medial nucleus accumbens shell and relatively low release levels in ventral shell compared to those in dStr (0.49 ± 0.60 μM; n = 14), we tested a strategy to amplify oStim-evoked release levels by using HOM/HET mice (i.e., mice carrying two copies of the ChR2 construct; see Methods). Strikingly, the medial shell of the vStr in slices from age-matched HOM/HET mice exhibited robust oStim-evoked increases in [DA] o (1.72 ± 0.24 μM; n = 15) with a similar release profile to that with eStim ( Figure 7C ). Even with the expected increase in ChR2 in HOM/HET mice, however, average peak evoked [DA] o with oStim in HOM/HET vStr was significantly lower than for eStim ( Figure 7C ) and, indeed, was lower throughout the stimulus train than with eStim (two-way repeated-measures ANOVA, main effect of stimulus type, F 1,19 = 7.27, p < 0.05; stimulus type × time interaction F 29,551 = 4.59, p < 0.001). As in dStr, this may predominantly reflect the absence of ACh facilitation of DA release during low frequency oStim. Stable increases in [DA] o with repeated pulse-train oStim at the same site were achieved in HOM/HET mice ( Figure 7D) .
To determine the extent to which a theoretical doubling of gene dose in HOM/HET compared to HET/HET mice actually altered ChR2 expression, we compared ChR2 levels in tissue samples from dStr and vStr from HET/HET and HOM/ HET mice using Western blots ( Figure 7E ). As predicted, doubling the gene dose roughly doubled ChR2 expression in both regions, with significantly higher levels in HOM/HET versus HET/HET in dStr and in vStr (two-way ANOVA, main effect of genotype, F 1,26 = 22.21, p < 0.001; Figure 7F ). ChR2 expression was significantly higher in dStr overall compared to vStr from the same mice (main effect of region, F 1,26 = 28.72, p < 0.001).
The use of HOM/HET mice for vStr experiments ( Figure 7 ) provides an additional strategy for achieving stable oStim samesite recordings with comparable evoked [DA] o release profiles to those evoked by eStim. The finding that ChR2 levels were higher in the dStr, as well as vStr, suggested that this genotype could be valuable for pulse-train oStim in dStr, as well. However, in HOM/HET dStr, oStim-evoked [DA] o showed an unusually protracted release profile that was initially very high ( Figure 8A ), then still ran down with subsequent pulse-trains, as seen in age-matched HET/HET mice ( Figure 8A,B) . Using the area under the curve during the 3 s stimulation period as an index of DA release throughout a stimulus train in dStr, we found that oStim-evoked release was significantly higher in HOM/HET compared to HET/HET (Figure 8C,D) . Although we cannot rule out the possibility that oStim-evoked release in HOM/HET is actually normal and reflects restoration of releasability that is absent even with eStim, the similarity in the shapes of oStim and eStim responses in HET/HET dStr ( Figure 3A,B) argues against this.
The strategy of doubling the gene dose for ChR2 by using HOM/HET mice therefore apparently leads to appropriate expression levels of ChR2 in the vStr but excessively high expression levels and an aberrant release profile in the dStr. This regional pattern of ChR2 expression and oStim responses is consistent with the idea that Cre expression levels, which are driven by the DAT promoter, are not in excess, and are limiting ChR2 expression in this particular digenic system, especially in the vStr. This hypothesis seems reasonable given that endogenous DAT expression is known to be approximately 2-fold lower in vStr compared to dStr, 19, 20 which corresponds with weaker oStim-evoked release in vStr vs dStr in the HET/ HET mice. qPCR experiments examining the proportion of completed Cre-mediated recombination events over time would need to be conducted to confirm this.
The data reported here are consistent with another previously reported advantage of Ai32 knock-in crosses, which is that the Cre allele and Ai32 allele can be kept heterozygous (HET) yet oStim will still be efficacious in many cell-types 14 (DA neurons were not among those tested). The prospect of using knock-in mice with only one copy of the transgene integrated into a specific location of the genome is attractive for its simplicity, as well as for decreasing the likelihood of genetic side-effects. This is in contrast to a typical characteristic of conventional transgenic lines, in which a high copy number must be achieved to ensure the line is widely useful. For vStr, however, we also needed a higher copy number with our knock-in line and achieved this by breeding HOM/ HET mice that exhibited stable same-site oStim-evoked increases in [DA] o . The Allen Institute has recently deposited an improved generation of various optogenetic knock-in mice (e.g.., the Ai90D line) with The Jackson Laboratory, which express from the TIGRE locus instead of the ROSA26 locus and have a tetracycline responsive (TRE) promoter. 31 These improvements result in apparently higher opsin expression levels than are expressed in the Ai32 mice used here. There is additionally the option to titer expression lower by administering the mice doxycycline, which could be useful for oStim in the dStr, for example.
It should be noted that ongoing improvements in transgenic mouse lines could yield a net advantage in using them over using knock-in mouse lines in the near future. For example, using a creative method to achieve multiple copies, Ting and Feng recently designed an improved DAT-containing bacterial artificial chromosome (BAC) that can be used to make transgenic mice with modified DA systems. 32 This improved DAT-BAC could achieve specific targeting without the need for a foreign viral IRES sequence insertion into an endogenous UTR. This is important because IRES insertions into the 3′-UTR, such as the one present in DAT::Cre knock-in mice, have been shown to decrease bicistronic mRNA transcript stability (e.g., decreased stability of the single mRNA strand that The YFP antibody labeled a band at ∼60 kDa, which is the molecular weight (MW) of YFP plus ChR2 to which it is fused. (F) Summary of YFP expression (as percent of GAPDH) in dStr (left, n = 11 samples from 4 mice) and vStr (right, n = 7 samples from 4 mice) of HET/HET (light blue bars) and HOM/HET mice (dark blue bars; n = 7 samples from 4 mice for dStr, and n = 5 samples from 4 mice for vStr. Data are means ± SEM and comparisons were made using a twoway ANOVA followed by Holm−Sidak tests (*p < 0.05). encodes both DAT and ChR2) through increased nonsensemediated decay. The result is knock-down of the endogenous gene used to drive Cre expression 33 (the DAT in our case), which may underlie the decreased DAT protein levels reported previously and decreased DAT function reported here for DAT::Cre mice.
Overall, the data reported here demonstrate that the Ai32;DAT::Cre line can yield reproducible, DA-specific optical stimulation throughout the striatum. A number of other laboratories have used virally transfected ChR2 successfully for oStim-evoked DA release. In those reports, DA release evoked by single pulses or short pulse trains (≤5 pulses) appear to be stable. 9, 18, 21, 26 However, as far as we are aware the stability of longer pulse-trains has not been tested. Given that the rundown seen in the dStr in slices from HET/HET mice reflects the absence of ACh contributions to DA release stability ( Figure 5C ), similar rundown might be expected after viral transfection, as well.
The genetic approaches used here are arguably less labor intensive than a viral-based approach. Furthermore, the expression level of ChR2 is sufficiently high to facilitate robust light-activated axonal DA release with moderate oStim parameters as an index of functional sensitivity. This opens the possibility of using these mice for studies of local microcircuitry in striatum. We recommend using such a mouse cross for studies that do not require projection-specific targeting of the transgene (e.g., nigrostriatal), recognizing that a viral-based approach would allow better anatomical dissociation and potentially higher ChR2 expression. Based on the results reported here, we recommend using the HET/HET genotype of Ai32;DAT::Cre mice with multiple-site pulse-train recording for studies in the dStr, and the HOM/HET genotype for studies in the vStr and other regions where endogenous DAT expression levels are low. 19, 20 These strategies successfully overcame potential limiting factors in the use of these mice, including DA release rundown with same-site pulse-train stimulation in the dStr, and low oStim evoked DA release in the vStr. Together with a better understanding of the consequences of the absence of concurrent ACh release, these approaches should facilitate more effective use of these viral-free mice to study the regulation and roles of oStimevoked DA release.
■ METHODS
Animals. Male and female mutant mice were tested; no obvious gender differences were noted in the parameters examined, so data from both were pooled. Mice used in the course of these studies were were tested at 3−5 weeks, 8−17 weeks, or 18−42 weeks of age; however, most data reported here were obtained using mice between 8 and 17 weeks. Mutant mice expressing the H134R variant of ChR2 selectively in DA neurons were generated by the following strategy: B6.SJL-Slc6a3 tm1.1(cre)Bkmn/J (DAT::Cre) heterozygous mice were bred with B6;129S-Gt(ROSA)26Sor tm32(CAG-COP4 * H134R/EYFP)Hze (Ai32) homozygous mice. Both knock-in mouse lines were purchased from The Jackson Laboratory (Bar Harbor, ME). The F 1 progeny of the genotype Ai32+/−;DAT::Cre+/− were self-crossed to generate the production line of breeders used to generate mutant mice for voltammetry. Control mice examined in DA uptake studies were DAT::Cre−/− littermates of DAT::Cre+/− mice, which have a C57Bl6/J background.
All mutant mice used for voltammetric recordings were heterozygous for a bicistronic (IRES-containing) allele encoding Cre recombinase under control of the DAT promoter, and most were additionally either heterozygous or homozygous carriers of the Credependent LSL-ChR2(H134R)−EYFP fusion cassette from the Ai32 line. This leads to constitutive but restricted expression of a blue lightsensitive ion channel from the otherwise ubiquitously expressed ROSA26 locus. The terms for the mutant genotypes used are Ai32+/ −;DAT::Cre+/− (HET/HET) and Ai32+/+;DAT::Cre+/− (HOM/ HET) mice. The mice were genotyped by standard PCR procedures using a Veriti thermal cycler (model 9902 from Applied Biosystems; Waltham, MA) according to the protocols published by Jackson.
Fast-Scan Cyclic Voltammetry (FCV). Evoked increases in [DA] o in striatal slices were monitored using FCV, as described previously. 2 Briefly, mice were anesthetized with Euthasol (diluted with water to administer 120 mg/kg pentobarbital, ip) before decapitation and brain removal. Coronal slices (300 μm thick) were prepared on a Leica VT1200S vibroslicer in an ice-cold sucrose-based cutting solution containing the following (in mM): sucrose (225), NaHCO 3 (28), Dglucose (7), MgCl 2 (7), sodium pyruvate (3), KCl (2.5), NaH 2 PO 4 (1.25), ascorbic acid (1), CaCl 2 (0.5). The slices were then transferred to a chamber containing a HEPES-based solution for storage at room temperature until the experiment was started. The HEPES-based solution contained (in mM): NaCl (120), NaHCO 3 (20) , D-glucose (10) , HEPES acid (6.6), KCl (5), HEPES sodium (3.3), CaCl 2 (2), MgSO 4 (2) . After at least 1 h, a slice was transferred to a recording chamber where it was superfused with artificial cerebrospinal fluid (aCSF) at 1.5 mL/min at 32°C. aCSF contained the following (in mM): NaCl (124.2), NaHCO 3 (26) , D-glucose (10), KCl (3.76), CaCl 2 (2.4), MgSO 4 (1.33), KH 2 PO 4 (1.23). All physiological solutions were equilibrated with 95% O 2 /5% CO 2 . Stimulation of DA release was initiated typically 30 min after transfer to the chamber. Recordings were made in slices for up to 8 h after cutting (maximum of 3 slices/day). All experiments using mice conformed to the Guide for Care and Use of Laboratory Animals, and the procedures were approved by the NYUMC Institutional Care and Use Committee.
Recordings were made using carbon-fiber microelectrodes (7 μm fiber diameter) with a triangular potential waveform of −0.7 V|+1.3 V|−0.7 V (v.s. Ag/AgCl) applied at 100 ms intervals. 2 Release was evoked either by light applied via a 200 μm diameter optical fiber or by a bipolar stimulating electrode placed within 200 μm of the recording electrode. The light source was a 473 nm blue laser (Laserglow Technologies; Toronto, Ontario), and a power meter equipped with a photodiode sensor was used to determine the light intensity delivered (PM100USB from Thorlabs; Newton, NJ). Light pulse duration and timing were controlled by a Master-8 (A.M.P.I., Jerusalem, Israel). Optical (oStim) or electrical (eStim) pulse-train stimulation at 10 Hz (30 pulses, 3 s train duration) was used for most experiments, although single-pulse oStim or eStim was used in some. For eStim, stimulus pulses were 300 μA in amplitude and 0.1 ms in duration, and for oStim, parameters were 400 μW in intensity with 0.25 ms duration for pulse trains and 0.25 or 2 ms duration for single pulses.
Two basic experimental designs were tested. For same-site recording, the oStim probe or bipolar eStim electrode was positioned near the recording electrode, and [DA] o was evoked for four consecutive stimulations. For multiple-site recording, oStim-or eStim-evoked DA release was assessed at a population of unique sites in one striatal subregion per slice. For all experiments, evoked increases in [DA] o were quantified by postexperimental calibration of the carbon fiber microelectrode in the recording chamber in aCSF. 2 Evaluation of V max in Control versus DAT::Cre+/− Mice for Evoked [DA] o in Striatal Slices. To minimize recording or experimenter bias, DA uptake experiments were conducted blinded to genotype. Single-pulse multiple-site eStim was used to evoke increases in [DA] o in slices from one male DAT::Cre+/− mouse and a control (DAT::Cre−/−) littermate on a given day. The order of testing was alternated between days to balance any time-of-day influence. Single-pulse evoked [DA] o was recorded in 5−7 sites in the dorsolateral dStr and 5−6 sites in the nucleus accumbens core of the vStr per slice; 2 slices per mouse were used with 4 mice per group. The use of single pulses for V max analysis is essential to avoid contributions from autoreceptor regulation of evoked DA release.
To determine whether DAT-mediated DA uptake was compromised in DAT::Cre+/− mice, the initial portion of the falling phase (typically 4 sample points) of single-pulse evoked [DA] o curves were fitted to the Michaelis−Menten equation with a custom-coded MATLAB script, to extract V max (maximal uptake rate constant) as described previously. 22 K m (which is inversely related to the affinity of the DAT for DA) was fixed at 0.9 μM 34 and assumed not to be altered in the DAT::Cre+/− knock-in line. Moreover, K m is known to be similar across striatal subregions. 35 The goodness of fit (R 2 ) for each release event was also determined; V max values that were associated with a R 2 < 0.9 were excluded from the data set. Determination of ChR2−YFP Expression in HET/HET and HOM/HET Mice. Expression of YFP was visualized qualitatively in brain slices using an Olympus SZX16 stereomicroscope; YFP was excited with 460−495 nm light and emission was collected with a GFP filter transmitting between 510 and 550 nm. Images were acquired at 3.5X magnification with a Canon Rebel T6i fitted to the microscope phototube. Expression levels of ChR2−YFP were determined by Nanobiotec (Whippany, NJ) using an automated capillary-based nanoproteomic immunoassay, 36 Simple Western System (ProteinSimple). Four HET/HET mice from each age group and four HOM/HET mice were examined. After anesthetization and decapitation, as described above, the brain was removed, and tissue samples from dStr and vStr were dissected from each mouse on a glass plate over ice, then frozen immediately on dry ice in 1.5 mL microcentrifuge tubes. Samples were stored at −80°C until processing. For analysis, tissue samples were sonicated in appropriate buffers with fluorescent molecular weight (MW) standards. After the samples were heated to 95°C for 5 min, 4 μL aliquots were loaded into individual capillaries. Samples were passed through stacking and separation matrices for 30 min at 250 V. Proteins were immobilized on capillary walls using photoactivated capture chemistry, capillaries were incubated with a blocking reagent for 23 min, and target proteins were probed with primary antibodies (anti-YFP and anti-GAPDH antibodies, from Cell Signaling Technology, Inc., Beverly, MA), 1:200−400 diluted in blocking buffer and incubated for 200 min, and subsequently with horseradish peroxidase-conjugated anti-mouse secondary antibodies. A mixture of luminol and peroxide was added following manufacturer's protocol. The resulting chemiluminescent signal was captured by a CCD camera, and the signal intensities were analyzed using Compass Software (ProteinSimple).
Chemicals. Mecamylamine hydrochloride and all chemicals for slice preparation, superfusion, and DA for microelectrode calibration were from Sigma (St. Louis, MO).
Data Analysis and Statistics. All statistical analyses were performed using GraphPad Prism 6.0, and most numerical analysis was performed using MS Excel. Unpaired Student's t tests were used for two-group comparisons. Two-way repeated-measures ANOVA were performed for all line graphs (except Figure 6E , which was a oneway ANOVA) as well as for Figures 4C and 7C . Two-way ANOVA was performed for Figures 4D, 5B , and 7F. One-way ANOVA was performed for Figures 1, 2C , and 8D. All ANOVA was followed by Tukey's, Dunnett's, Bonferroni's, or Sidak's post hoc tests as indicated. 
